INTRODUCTION
Protein dynamics are thought to play an important role in the activity of the cytochrome (cyt) P450s, 1-3 a family of monooxygenases of substantial biological and medicinal importance. 4, 5 Cyt P450 enzymes display a remarkable ability to act on diverse classes of compounds that can differ vastly in their size, structure, and chemical nature. 6 Also, the specificity for their activity for different substrates varies widely for individual enzymes of the family. Structural studies suggest the promiscuity of cyt P450s results from the high plasticity of their active sites. [7] [8] [9] [10] [11] While large structural changes are evident from comparison of some cyt P450 crystal structures, often substrate binding leads to only localized changes in protein structure, such as small loop rearrangement, helix distortion and displacement, side-chain rotation, and solvent rearrangement. [12] [13] [14] [15] The motions involved in these smaller structural changes occur on fast time scales that have been historically difficult to investigate.
Among cyt P450s, the paradigmatic cyt P450 cam from Pseudomonas putida shows relatively high specificity for small, hydrophobic compounds that are similar to its physiological substrate, camphor.
16, 17 The high specificity is thought to result from relatively constrained active site dynamics. 2, 12 While cyt P450 cam does act on a number of compounds, lower substrate binding affinity, hydroxylation efficiency, and stereo-/regiospecificity are observed as compared to camphor, the natural substrate. [18] [19] [20] For example, camphor hydroxylation occurs with 100% specificity at the 5 0 -exo carbon, but hydroxylation of a similar compound, norcamphor, results in only 60% of the corresponding product. 20 Calculations suggest that the variations in activity cannot be explained by differences in the chemical reactivity of the substrates, and that the fluctuating protein environment contributes substantially to the differences. 21 Only small differences are observed among the numerous crystal structures solved for cyt P450 cam bound to different substrates. 14, 16, [22] [23] [24] [25] However, the temperature factors from these structures 16, [22] [23] [24] [25] and a recent structure of the substratefree enzyme in a new conformation 26 suggest localized motions in cyt P450 cam vary among the substrate-free and different substrate-enzyme complexes. The possibility that dynamics play an important role in the relative specificity of cyt P450 cam is supported also by molecular dynamics simulations 2 and numerous other experimental studies, for example, experiments involving hydrostatic and osmotic pressure variations, [27] [28] [29] [30] CO rebinding kinetics, 31 ,32 linear infrared spectroscopy, 30, 33, 34 and both linear and time-resolved visible spectroscopy. 35, 36 While these studies suggest that differences in fast time scale motions exist among cyt P450 cam -substrate complexes, a direct measurement of dynamics is important to verify the role of dynamics and also define how dynamics might contribute to biological function. The technique of two-dimensional infrared (2D IR) vibrational echo spectroscopy enables the direct measurement of the fast structural dynamics of cyt P450 cam for various bound substrate complexes.
2D IR spectroscopy has been applied previously to characterize the dynamics in a number of proteins and investigate their involvement in ligand binding, [37] [38] [39] [40] protein folding, [41] [42] [43] and other biological processes. [44] [45] [46] [47] [48] [49] In studies of heme proteins, heme-bound CO has provided a particularly useful vibrational probe of dynamics. 38, 42, 44, 45, 48 The stretch of CO occurs in a spectral region free of other protein vibrations, its large transition dipole leads to strong signals, and the local-mode nature of its vibration simplifies spectral interpretation. Perhaps most advantageous is the sensitivity of the CO vibrational frequency to the electric field resulting from the protein environment. The vibrational spectrum of CO bound to cyt P450 cam iron-heme is highly dependent on the presence and nature of ligands bound in the active site. 30, 33, 34 As the CO environment changes due to protein structural motions, the CO vibrational frequency undergoes corresponding fluctuations. 2D IR vibrational echo spectroscopy can be used to measure the time scales and amplitudes of these frequency fluctuations, and thus characterize the dynamics of the CO's protein environment.
In this study, 2D IR vibrational echo spectroscopy was used to assess the contribution of protein dynamics to substrate specificity and binding affinity in cyt P450 cam . The influence of substrate binding on cyt P450 cam motion was investigated by measuring the dynamics of substrate-free and substrate-bound proteins. In addition, the involvement of protein motions in controlling the selectivity of hydroxylation of different substrates was examined by characterizing the dynamics of cyt P450 cam -CO bound to substrates with mild variations from the camphor structure (see Figure 1) , that is, camphane, adamantane, norcamphor, and norbornane. The study finds that substrate binding stabilizes a single dominant conformation of the substrate-free enzyme and increases the rate of structural fluctuations that lead the protein to sample its conformational substates within this dominant conformation. Further, the 2D IR data demonstrate that motions occurring on the hundred picosecond time scale are correlated to the selectivity of the activity and to the binding affinity of cyt P450 cam for different substrates, supporting the involvement of fast protein structural dynamics.
EXPERIMENTAL PROCEDURES
2.1. Sample Preparation. Cyt P450 cam was produced by recombinant expression with plasmid pDNC-334A in E. coli strain NCM533 50 (kindly provided by the Pochapsky group at Brandeis University). Experiments were performed with cyt P450 cam C334A, which has been shown to display activity identical to wild-type but decreased propensity for aggregation. 51 Protein expression and purification were performed as previously reported. 52, 53 Cyt P450 cam used in these experiments showed an absorbance ratio 392 nm/280 nm greater than 1.6 and less than 5% of the inactive P420 form by UV/vis spectroscopy.
To prepare the complexes with the unnatural substrates, camphor was removed by passage over Sephadex G25 in 50 mM Tris-MOPS, pH 7.4, 20% w/v glycerol. The protein was exchanged by concentration and dilution into 50 mM sodium phosphate, pH 7.0, 100 mM KCl in D 2 O containing 20% w/v glycerol. The glycerol was found to prevent accumulation of cyt P420 in the substrate-free enzyme during 2D IR data acquisition. Experiments were also performed with the camphor complex in a sample containing no glycerol and showed no significant differences. To prepare the norcamphor complex, the enzyme was exchanged into buffer containing 85 mM norcamphor. All other substrates were first dissolved in ethanol to 100-700 mM before addition to the concentrated protein solution (2-3 mM) to final concentrations of 4-23 mM, such that the final protein solution contained no greater than 5% substrate-free protein 35 or ethanol. The samples were clarified through 0.45 μm filters before being reduced with 10-fold molar excess sodium dithionite. The cyt P450 cam -CO complexes were formed by passage of a gentle stream of CO gas over the reduced protein sample.
For the IR experiments, the samples were placed between two CaF 2 windows with a 50 μm Teflon spacer. The UV/vis and linear FT IR spectra of the samples were recorded before and after 2D IR spectral acquisition to ensure sample integrity. The linear IR spectra of samples studied with 2D IR spectroscopy showed CO bands of 10-20 mOD on a ∼0.35 OD background.
Vibrational Spectroscopy.
Linear FT IR spectra were acquired at 1 cm -1 resolution on a Bruker Vertex 70 spectrometer. The time-resolved infrared experiments were performed as previously described 54, 55 with 120 fs, ∼5 μJ pulses at 1950 cm -1 generated with an ultrafast mid-IR laser system consisting of a Ti:Sapphire oscillator/ regenerative amplifier pumped optical parametric amplifier. Briefly, the 2D IR echo experiments involved application of three mid-IR light pulses to the sample (∼0.8 μJ per pulse at the sample) with the times between the first and second pulse and the second and third pulse referred to as τ and T w , respectively. 55 At a time e τ after the third pulse, a vibrational echo is emitted by the sample in a unique direction. The vibrational echo pulse is overlapped with another IR pulse, called the local oscillator, for heterodyne detection and to provide phase information for the vibrational echo signal. The combined vibrational echo/local oscillator pulse is passed through a monochromator onto an IR array detector, which records a spectrum that yields the ω m frequency axis (vertical axis), the axis of vibrational echo emission. Scanning τ produces an interferogram at each ω m . These interferograms are then Fourier transformed to produce the second, ω τ axis (horizontal axis) of the 2D IR spectrum. In the experiments, τ is scanned for fixed T w to produce a 2D IR spectrum. T w is then changed, and τ is again scanned to produce another 2D IR spectrum. The change in the spectra with T w provides the dynamical information about the system. Pump probe experiments are also performed to determine the vibrational lifetimes and for use in processing the 2D IR data. An ∼3.5 μJ pump pulse is followed by a variably delayed,∼0.4 μJ probe pulse. The pump-induced changes in the probe beam spectrum at each time delay were measured by dispersing the transmitted probe beam through the monochromator onto the array detector.
2.3. Data Analysis. The linear FT IR spectra were backgroundcorrected by subtracting the solvent FT IR spectrum, followed by fitting and subtracting a polynomial function to the spectral regions away from the CO band. This function was used to make small residual baseline corrections. The resulting spectra were then fit to a Gaussian function, or a sum of Gaussian functions for the substrate-free protein and norbornane complex. The time-resolved pump probe spectra were used to determine the vibrational lifetimes (T 1 ) of the CO in each cyt P450 cam sample. At each frequency of a spectrum, the pump-induced difference in the probe beam intensity as function of the probe delay time was fit to an exponential decay.
Protein structural fluctuations cause the CO stretch frequency to evolve in time. The time-dependent change in frequency is called spectral diffusion. The frequency-frequency correlation function (FFCF) connects the waiting time-dependent changes in the 2D band shapes caused by spectral diffusion to the time dependence of the structural changes of the proteins. The center line slope (CLS) method is used to determine the FFCF from 2D and linear spectra. 56, 57 This method provides an accurate way to extract the FFCF and also provides a useful quantity to plot. 56, 57 At a particular ω τ , a slice through the 2D spectrum, projected onto the ω m axis, is a spectrum with a peak at a particular ω m value. Many such slices taken over a range of ω τ values produce a set of points. Connecting the resulting points yields the center line. In the absence of a homogeneous contribution, at T w = 0 the slope of the center line would be 1. At sufficiently long time, when spectral diffusion has sampled all frequencies within the absorption spectrum, the 2D IR line shape would be circular, and the center line would be horizontal with a slope of zero. It has been shown theoretically that the T w -dependent part of the normalized FFCF is directly related to the T w dependence of the slope of the center line. 56, 57 Thus, the slope of the center line, the CLS, will vary between a maximum of 1 at T w = 0 and 0 in the limit of sufficiently long waiting time. The presence of a homogeneous contribution to the spectrum causes the initial value of the slope to be less than 1 at T w = 0 (see below).
The multiple time scale dynamics were modeled by a multiexponential form of the FFCF, C(t).
For the ith dynamical process, Δ i is the range of CO frequencies sampled due to protein structural fluctuations, and τ i is the time constant of these fluctuations. This form of the FFCF has been widely used and in particular found applicable in studies of the structural dynamics of heme-CO proteins. 38, 42, [44] [45] [46] 54, [58] [59] [60] The experimental time window is limited by the vibrational lifetime decay to several times T 1 , the vibrational lifetime, which reduces the signal to zero. Occurrence of very slow structural fluctuations on time scales longer than the experimental time window, if present, will appear as the static term Δ s 2 in the FFCF. If Δτ < 1 for one component of the FFCF, then Δ and τ cannot be determined separately, but rather give rise to a motionally narrowed homogeneous contribution to the absorption spectrum with pure dephasing width given by Γ = Δ 2 τ = 1/πT 2 *, where T 2 * is the pure dephasing time, and Γ is the pure dephasing line width. The total homogeneous dephasing time, T 2 , also has contributions from the vibrational lifetime and orientational relaxation, T or . T 2 is given by
In these experiments, orientational relaxation of the entire protein is so slow that its contribution can be neglected. Detailed procedures for converting the CLS measurement into the FFCF have been described previously. 56, 57 By combining the CLS with the linear absorption spectrum, the full FFCF is obtained including the homogeneous component. By using the vibrational lifetime, T 2 * and Γ are obtained from eq 2.
Because of the overlap of the three bands in the substrate-free FT IR spectrum (see Figure 2A ), the range used to fit the center line was restricted as follows. A cut along the diagonal was taken from each 2D spectrum. The diagonal spectrum was fit to a sum of three Gaussian bands, which were then used to calculate the relative amplitude of the bands at each frequency. Regions containing greater than 85% amplitude of a band were used to determine the CLS for that band. . The relative amplitudes of these bands depend on glycerol concentration, as previously observed. 30 At the glycerol concentration used in the 2D IR experiments (20% w/v), the amplitudes of the three bands are roughly equal. Upon addition of the natural substrate camphor, the spectrum of cyt P450 cam -CO Figure 2 . Linear FT IR spectra (-), along with the Gaussian fits (---) to the spectra, of (A) substrate-free cyt P450 cam -CO and (B) its complex with camphor. . The spectrum is shown in Figure 2B with a Gaussian fit. As observed previously, 30, 33, 34 the frequencies and line widths of the CO vibrational band vary with the nature of a bound substrate (see Table 1 ). Single absorption peaks are found in the spectra of all substrate complexes investigated here except for the norbornane complex, which shows a very small low frequency shoulder. The FT IR spectra are in accord with previous studies, 34 with the exception of the spectrum of the camphane complex. While previously three absorption peaks at 1941, 1955, and 1962 cm -1 were observed, in our study the cyt P450 cam -CO-camphane FT IR spectrum shows one peak with a frequency of 1955 cm -1 when care was taken to ensure that binding with the substrate was complete.
RESULTS AND DISCUSSION
As shown below by the 2D IR vibrational echo experiments, all of the absorption lines for the unbound protein and the protein complexes are inhomogeneously broadened. Thus, the spectral line width reflects the distribution of protein structures that occurs in the ensemble of proteins in the sample. In all cases, binding unnatural substrates shifts the CO band to higher frequency relative to binding camphor. While the line width depends on the structure throughout the protein, 61 the center CO frequency in heme proteins is particularly sensitive to the local environment. In myoglobin-CO (MbCO), with the imidazole side group of the distal histidine His64 in the pocket, there are two peaks, denoted A 1 and A 3 , that have been attributed to different configurations of the imidazole relative to the CO. 54, 59, 62 Changes in the peak frequency of the CO in heme proteins have been attributed to changes in the electric field at the CO. Two mechanisms have been put forward. One mechanism uses direct Stark effect coupling of the proteins' electric field at the CO. Simulations of MbCO and mutant MbCO using this direct Stark coupling mechanism obtained the FFCF from the fluctuating electric field along the CO bond with the Stark coupling constant as a single adjustable parameter. 54, 59, 62 The FFCF was used to calculate the IR absorption spectrum and 2D IR vibrational echo data. The results yield the A 1 and A 3 bands with virtually the correct line shapes, but with a small error in the frequency separation between the two bands. The simulated FFCFs for the two bands show decay times within factors of ∼2 of the experimentally observed dynamics within each substate. In the second mechanism, the electric field results in changes in the extent of back bonding from the Fe-heme π electron system to the CO antibonding π molecular orbital, resulting in shifts in frequencies for different proteins and different protein substates. [63] [64] [65] The structures of the cyt P450 cam substrate complexes show possible contacts between the CO and the substrate and possibly one or more water molecules in the active site pocket. In the structure of the cyt P450 cam -CO-camphor complex, 25 the camphor sits above the CO, well packed within the active site by protein side chains. Cyt P450 cam structures with smaller unnatural substrates show the substrates bound further from the heme plane than camphor. 16, 24 This may permit the introduction of water molecules into the active site that either direct electron density toward the CO or act as a dielectric shield of the electric fields generated from more distant regions of the protein, providing a possible structural interpretation for the higher CO frequencies of these complexes. In contrast, the FT IR spectrum of substrate-free cyt P450 cam indicates population of at least three, distinct conformational substates (see Figure 2A) . The lowest frequency peak is similar in frequency and line width to the camphor complex (see Figure 2 and Table 1 ). As with the unnatural substrate complexes, the two high frequency lines observed in the substrate-free protein have been postulated to result from variation in water content and orientation, 30 but could also result from variation in the positions of side groups in the pocket.
IR pump-probe experiments were performed on each cyt P450 cam -CO complex to determine the CO stretching mode's vibrational lifetime. The lifetimes for CO bound in the different complexes and the substrate-free protein range between 18 and 27 ps (see Table 1 ) and increase linearly with increasing frequency, as previously observed in studies of vibrational relaxation in MbCO and metal-carbonyl complexes. [66] [67] [68] The vibrational lifetimes make a small contribution to the homogeneous line width, ∼0.25 cm -1 . Journal of the American Chemical Society ARTICLE 2D IR spectra of cyt P450 cam -CO (see examples in Figure 3 ) were obtained for varying waiting times T w to examine the dynamics in the substrate-free protein and the camphor, camphane, norcamphor, adamantane, and norbornane complexes. All spectra show peaks due to the 0-1 transitions along the diagonal (red) as well as negative peaks (blue), which arise from vibrational echo emission at the 1-2 transition frequencies, shifted to lower frequency along the ω m axis by the vibrational anharmonicity (25 cm -1 ). 45 In Figure 3 , the negative going 1-2 peaks can be seen in the panels for the substrate-free complex. The other spectra in Figure 3 have been cropped so that the 0-1 peak can be shown more clearly. All of the 2D IR spectra display small additional peaks that arise from fifth-order processes.
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These are discussed in the Supporting Information and are shown plainly in Figure SI-1 Figure 3 ) is a fifth-order signal, not an exchange peak. 48, 62, 70 The fifth-order contributions to the signals do not affect the data analysis that determines the dynamics using the 0-1 diagonal peaks 69 as discussed in the Supporting Information. A complete description of the fifth signals will be presented in a separate publication.
The lowest frequency positive peak in the substrate-free spectrum appears to decrease anomalously quickly. This is because it has a somewhat shorter lifetime than the other two substates, and it has faster spectral diffusion than the 1952 cm -1 peak. The faster spectral diffusion reduces the 0-1 peak amplitude more, and it also causes more overlap with the corresponding negative going 1-2 peak, which is also broadening quickly.
The important feature in this experiment is the change in the shape of the 0-1 bands in the 2D IR spectra as T w is increased, as illustrated in Figure 3 . As the structure of the protein evolves in time, the CO frequency changes (spectral diffusion) because its frequency is sensitive to the evolving protein structure. Experiments and simulations on MbCO and experiments on neuroglobin-CO have shown that the CO frequency fluctuations are sensitive to global protein structural dynamics. 54, 60, 62, 71 At short waiting times, shown in the upper panels of Figure 3 , the peaks in the spectra are substantially elongated along the diagonal, reflecting the incomplete sampling of the inhomogeneous distribution of states contained in the absorption line shape. The peak appears elongated along the diagonal because most of the CO molecules initially at frequencies ω τ have the same final frequencies ω m following the short T w delay. The width perpendicular to the diagonal at very short time is caused by the motionally narrowed pure dephasing contribution with a small additional contribution from the vibrational lifetime. At longer waiting times, shown in the bottom panels of Figure 3 , the protein has had time to sample more of its range of structures. The CO stretching mode no longer has the same initial (ω τ ) and final (ω m ) frequencies due to evolution of the protein structure during the time period T w , and the bands in the spectra become less elongated along the diagonal (the major and minor axes are more similar). As can be seen in Figure 3 , clear differences are apparent among the line shapes of the substrate-free, camphor bound, and norcamphor bound cyt P450 cam in the 2D IR spectra at T w = 24 ps. The differences are apparent from comparison of the ratios of the widths of the antidiagonal (width perpendicular to the principal diagonal) to the diagonal width. The ratio of the antidiagonal to the diagonal widths is a useful qualitative measure of the shapes of the bands. Using the largest five contours in the bottom panels of Figure 3 (see perpendicular lines on spectra), the ratios are 0.7, 0.5, and 0.3 for the norcamphor complex, the camphor complex, and the 1952 cm -1 substrate-free band, respectively.
To quantitatively compare the dynamics in the different cyt P450 cam -CO complexes, the CLS was determined from the 2D IR spectra for each T w . Figure 4A shows the CLS versus T w for P450 cam with its natural substrate camphor and a fit to the data. Figure 4B displays the CLS time dependence for the three substrate-free bands. Because of the overlap of these bands and the short lifetimes of the lowest frequency bands, the time range for two of the bands is limited. The fit to the data for these two bands has been extended as an aid to the eye for comparison with the other curves. Figure 4C shows the CLS decays for all of the different substrate complexes, including the camphor substrate. As discussed in section 2, Experimental Procedures the CLS decays were analyzed in combination with the linear FT IR spectra and vibrational lifetimes to obtain the FFCFs, which quantify the dynamics associated with the fluctuating CO frequency. The parameters describing the FFCFs of the different cyt P450 cam samples are listed in Table 2 . 
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The ultrafast protein dynamics plus contributions from the solvent fluctuations produce a motionally narrowed Lorentzian component of the absorption spectrum, 54 which is characterized by the pure dephasing time, T 2 *, and the pure dephasing line width, Γ. Both of these parameters are given in Table 2 . The pure dephasing times of ∼6-12 ps obtained for the cyt P450 cam -CO substrate complexes (see Table 2 ) are within the range of the 3-12 ps times observed in other heme protein-CO complexes such as Mb, 72 neuroglobin, 46 ,60 horseradish peroxidase, 38 and a thermophilic cyt c 552. 61, 73 In previous studies, comparisons of wild-type and mutant proteins suggested contributions to the homogeneous dephasing might arise from fast fluctuations of polar groups positioned near the CO molecule. For example, introduction of a glutamine side chain in cyt c 552 73 and removal of a histidine side chain in Mb 72 led to decreased and increased dephasing times, respectively, presumably due to the manipulation of a rapidly fluctuating polar group in the heme pocket. In comparing the pure dephasing times for different bound substrates, it would be expected that contributions from fluctuations of the solvent would be very similar. Of the cyt P450 cam -CO complexes studied here, the camphor and norcamphor complexes displayed the shortest pure dephasing times. These substrates are the only ones with carbonyl groups (see Figure 1 ), suggesting that this polar moiety may influence the pure dephasing of the proximal CO. Consistent with this possibility, the vibrational bands of the substrate-free protein showed slower homogeneous dephasing times. While fluctuation of the carbonyl group itself, or its hydrogen bond with residue Tyr67, may be directly responsible for the faster homogeneous dephasing observed in the camphor and norcamphor complexes, the presence of the carbonyl may also indirectly influence the CO vibration by promoting a structure that directs another fluctuating polar group, such as a water molecule or the hydroxyl group of Thr252, toward the CO molecule.
While the homogeneous dephasing is responsible for reduction of the T w = 0 value of the CLS from 1, the slower dynamics give rise to spectral diffusion and the T w -dependent decay of the CLS curve. The amplitudes and time scales associated with the spectral diffusion are caused by protein structural fluctuations. As discussed above, the FFCF quantifies the pure dephasing and spectral diffusion dynamics. The FFCFs determined by 2D IR spectroscopy show protein dynamics induced spectral diffusion of all cyt P450 cam -CO samples occurring on roughly two time scales (see Table 2 ). A shorter time scale component of ∼6 ps is observed for camphor, camphane, and norcamphor complexes, while faster corresponding dynamics with a correlation time of ∼2 ps are found for the adamantane and norbornane complexes. The short time scale of these dynamics suggests that they arise from motions involving relatively small groups, such as side-chain fluctuations or motions of active site water molecules. The dynamics on this time scale are significantly slower in the substrate-free cyt P450 cam -CO. The FFCFs determined from all three bands of the substrate-free enzyme display relatively slow correlation times of ∼10-17 ps. As the substrate is replaced by water molecules in the substrate-free enzyme, 22, 26 active site water motions are a likely contributor to the observed differences in dynamics. It is interesting to note that comparable time scales of 13 ps 74 and 18 ps 75 have recently been measured for constrained water at water-surfactant interfaces, depending on the nature of the interface, with IR polarization selective pumpprobe spectroscopy.
The slowest dynamics measured in this study of cyt P450 cam with bound substrates occur on the hundreds of picoseconds time scale. Dynamics occurring on time scales out to several times the longest T w contribute to the observed evolution of the 2D spectra. 76 In fitting the substrate bound data, allowing a variable offset (infinite time component) in addition to the biexponential parameters led to convergence to an offset of zero, that is, no dynamics slower than τ 2 , the slowest component of the FFCF reported in Table 2 . However, it is not possible to completely rule out the existence of even slower dynamics that occur outside of the experimental time window of ∼100 ps. The approximately 2-fold larger value of Δ 2 (root mean frequency fluctuation amplitude) as compared to Δ 1 for all of the substratebound complexes shows that these slower motions make the greatest contribution to the vibrational line width. The FFCFs of the substrate complexes have dynamics with correlation times of 100-370 ps ( Table 2 ). The slow time scale suggests that this component arises from motions that involve larger groups than give rise to the faster dynamics. Molecular dynamics simulations of MbCO find that dynamics throughout the protein contribute to the FFCF, 61 and this is likely also the case for the FFCFs of the cyt P450 cam complexes. Previous studies employing 2D IR chemical exchange spectroscopy detected 50-100 ps A 1 -A 3 substate switching dynamics in MbCO. 48, 62, 70 X-ray crystallography studies 77 and molecular dynamics simulations 70 suggest that the observed A 1 -A 3 substate switching involves the motion of the F-helix, although the proximate cause is the change in orientation of the imidazole side group of the distal histidine, H64. 54, 62, 71 In cyt P450 cam , motions of helix I are possibly involved in the 100-370 ps dynamics.
While the CLS data for the substrate bound complexes show biexponential decays, the substrate-free enzyme shows different behavior, with no decay after a T w time of ∼20 ps (see Figure 4) . (The time scale of the slowest dynamics for the lowest frequency state could not be reliably determined.) The slowest time scale component in the CLS data for the higher frequency bands of the substrate-free enzyme is well fit by a single exponential decay and 
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ARTICLE a constant offset. The offset arises from a component of the dynamics detected by the 2D IR experiments that is so slow that it falls outside the experimental time window of ∼100 ps. There are structures of the substrate-free enzyme that are not sampled on the time scale of the experiment, indicating that the energy landscape contains a range of populated substates separated by relatively high barriers. In comparison, the 100-370 ps dynamics observed for the substrate bound complexes demonstrates that substrate binding produces energy landscapes with relatively lower barriers and therefore faster interconversion among structures. With a substrate bound, the enzyme accesses all of the structural configurations that give rise to the inhomogeneous spectral line on a time scale of <1 ns within experimental error. Considered together, the 2D IR spectra of the substrate-free enzyme and the substrate bound complexes illuminate the nature of substrate binding in cyt P450 cam . The earliest models of protein-ligand binding invoked a lock-in-key mechanism wherein a protein has been tailored through evolution to possess a perfectly complementary binding pocket for its specific ligand. 78 This simple model involves no protein motion and is not supported by the data presented here for cyt P450 cam . The models of conformational selection 79 and induced-fit 80,81 ligand binding include a contribution from protein dynamics, and fundamentally differ in whether protein motions occur before (conformational selection) or in response to (induced-fit) ligand binding. Although such distinctions are instructive, the actual binding mechanisms of enzymes may not be described completely by a single model. Different experimental techniques may reveal specific aspects of ligand binding.
The linear IR spectra support a conformational selection mechanism of binding in cyt P450 cam . The multicomponent spectrum of the substrate-free IR spectrum reduces to a single dominate band upon binding in any of the substrate complexes. This change in the absorption spectrum implies population of and interconversion among at least three distinct conformational states in the absence of a substrate and the selective stabilization and population of one state when a substrate binds. It is important to note that the single peak in a substrate bound enzyme spectrum is inhomogeneously broadened, demonstrating that there are still a vast number of structural conformations associated with the state stabilized by substrate binding. While the linear data support a conformational selection binding mechanism, the 2D IR data also show strong evidence of an induced-fit mechanism, as the dynamics within the conformational states are altered as a result of substrate binding. The differences in dynamics are seen clearly from the values reported in Table 2 . Both the shorter and the longer time scale dynamics are faster in the substrate-bound complexes as compared to the substrate-free enzyme states. Therefore, overall the 2D IR data demonstrate that substrate binding not only selectively stabilizes a particular substate of a fluctuating substrate-free protein, but that the presence of the substrate also leads to more rapid sampling of the structures that exist within the selected substate that gives rise to the inhomogeneously broadened absorption spectrum.
Examination of the crystal structure of the cyt P450 cam -COcamphor tertiary complex reveals several aspects of the active site whose motions can contribute to the dynamics observed by 2D IR spectroscopy. 25 The CO ligand is directed toward Gly249 within a helical bulge of distal helix I formed by an unusual hydrogen bond between the backbone carbonyl of Gly248 and the hydroxyl of the side chain of Thr252 (Figure 1) . 25 It is likely that the CO vibrational frequency is highly sensitive to motions of helix I, and any changes in the enzyme that influence helix I's motion will be manifested in the time dependence of the 2D IR spectra. Possible motions are apparent from comparison with the structure of the dioxygen complex, which shows a reduction in helix I distortion and rotation of the hydroxyl group of Thr252 toward the dioxygen ligand. Differences in dynamics are observed not only between substrate-bound and substrate-free states of cyt P450 cam , but also among different substrate complexes. The motions on the hundreds of picosecond time scale are found to be the slowest in cyt P450 cam bound to its natural substrate, camphor, implying that the barriers to structural fluctuations on this time scale are greatest for this complex. In comparison, the τ 2 correlation time is several times shorter for the norcamphor complex. From a simple Eyring model of kinetics, 82 comparison of the longer time scale components suggests the barriers to the corresponding structural changes in the camphor complex are roughly 30% greater than in the norcamphor complex and are consistent with optimal packing of the natural substrate in the cyt P450 cam active site. The faster dynamics of the norcamphor complex indicate relatively low kinetic barriers among structural conformations and hence a smoother energy landscape. Conversely, the slower dynamics in the complex with the natural substrate indicate relatively high barriers to motion, leading to the picture of a more "rugged" energy landscape.
With the exception of the outlier norcamphor, the dynamics on this longer time scale in general become faster with decreasing molecular volume of the bound substrate. It is important to note that the error bars, which are based on sensitivity analysis of the fits, overlap for some the different substrate-bound FFCFs. However, each fit was unique in the sense that different initial guesses for the parameters always converged to the identical fit values. The trend in the values suggests that imperfect packing of the smaller unnatural substrates leads to a reduction in the barriers to motions in the enzyme. However, the molecular volume cannot be the sole factor contributing to the variation in dynamics measured for the different substrate complexes, as norcamphor is slightly larger in volume than norbornane yet displays significantly faster dynamics (see Table 2 ). Comparison of norcamphor to the other substrate structures (Figure 1) indicates the dynamics result from a small volume combined with the presence of a polar carbonyl group. Perhaps the small size of the molecule permits increased motion of the active site generally, similar to the other small substrates, but that fluctuation of the polar carbonyl group of norcamphor leads to increased motion in the enzyme. While the carbonyl group forms a hydrogen bond to Tyr67 in the crystal structures of both camphor and norcamphor cyt P450 cam complexes, molecular dynamics simulations of only the norcamphor complex observed transient breaking of this bond and formation of a new Try67-Thr100 hydrogen bond. 17 The unique dynamics observed in the norcamphor complex are particularly notable given the low stereo-/regiospecificity of the hydroxylation of the norcamphor substrate. While 100% and 90% 5 0 -exo hydroxylation product is obtained from camphor and camphane, respectively, 19 the activity of cyt P450 cam toward norcamphor results in only 60% of the 5 0 -exo hydroxylation product. 20 (100% 1-hydroxyl-adamantane product is obtained, 18 but due to symmetry this compound has only two hydroxylation sites. Data could not be found for norbornane, which also has high symmetry.) The correlation between the dynamics of the complexes and their stero/regiospecificity with different substrates is consistent with the involvement of protein dynamics in the selectivity of cyt P450 cam activity. While the actual chemical reaction likely involves a low probability incursion to a high energy state, it seems plausible that the more rugged landscape would serve to restrict the particular sequences of structural fluctuations that can lead to the transition state, and thus enhance the regioselectivity of camphor hydroxylation. In contrast, the smoother energy landscape of the norcamphor complex may lead to a more permissive trajectory to the transition state and thus allow the reaction to proceed with the "incorrect" carbon centers of norcamphor. In addition, the 2D IR results suggest that the dynamics of the complexes may influence the binding affinity, as the dissociation constants and τ 2 are also generally correlated. Those substrates with smaller K D values for binding to cyt P450 cam (increased binding affinity) show longer τ 2 correlation times in the FFCFs of the substrate complexes (Tables 1 and 2 ). Thus, the binding affinity increases with slower dynamics. This effect is not likely due to conformational entropy changes upon binding, as more constrained substrate complexes might be expected to lead to a greater entropic penalty for binding. It is more likely that the higher barriers that result in slower dynamics are due to more enthalpically favorable interactions within the tighter complexes. One may speculate that the restricted dynamics of the bound state can lead to greater retention of the substrate in the pocket. This would decrease the rate of substrate release out of the active site, thereby decreasing K D . Such a possibility is consistent with the common observation for other proteins that the dissociation constants are typically governed by the off rates to a greater extent than the on rates. 83 A study that used 2D IR vibrational echo spectroscopy with azide bound at the active site of formate dehydrogenase also found a reduction of slower time scale dynamics when the enzyme bound a cofactor. 84 The authors suggest enzyme rigidity to be a signature of the transition state structure and that the subpicosecond dynamics might reflect motions that modulate the donor-acceptors distance in enzymatic hydrogen tunneling. The study of formate dehydrogenase did not investigate a range of substrates to address differences in chemical reactivity or binding. In contrast to the formate dyhdrogenase study and the results presented here, earlier studies that investigated the changes in dynamics upon binding of a variety of ligands to horseradish peroxidase (HRP) found that ligand binding leads to selective population of one conformational state, but found slower dynamics upon substrate binding. 38 However, the physiological substrate for HRP is unknown. Therefore, the HRP complexes investigated may not be representative of naturally evolved enzyme-ligand binding. Here, the natural substrate, camphor, and closely related compounds were studied. The results of this study indicate stronger substrate binding and greater regioselectivity correlate with slower dynamics of the enzyme-substrate complexes.
CONCLUDING REMARKS
Protein dynamics have been invoked to explain the large variation in specificity toward different substrates displayed by the cyt P450 family of enzymes. 1, 11, 85 Similarly, protein dynamics are believed to be involved in the differential activity toward structurally similar substrates displayed by the relatively substrate-specific cyt P450 cam . 18, 35, 36 In this study, the dynamics in cyt P450 cam were directly characterized using 2D IR vibrational echo spectroscopy. The data show that, in the absence of substrates, cyt P450 cam -CO occupies at least three distinct conformational substates that give rise to three peaks in IR absorption spectrum of the CO stretching mode (see Figure 2) . Interconversion among these substates occurs on a relatively slow time scale, a nanosecond or longer. Faster motions (picosecond time scale) lead the enzyme to sample a range of the structures within each substate that give rise to the inhomogeneously broadened absorption line. The binding of substrates stabilizes a particular substate of the substrate-free enzyme resulting in a single peak in the absorption spectrum. Within the selected substate, the rate of structural fluctuations that lead the enzyme to sample its structural conformations is increased relative to the substrate-free dynamics. These results indicate that substrate binding leads to lower barriers between different structures. Such rapid sampling may enhance the rate of obtaining particular catalytically productive structures. 2D IR vibrational echo spectroscopy found that dynamics occur in cyt P450 cam substrate complexes on a wide range of time scales. The results suggest that dynamics on the hundreds of picoseconds time scale show a correlation with the specificity of cyt P450 cam on the different substrates. The 370 ps dynamics observed in the enzyme bound to the natural substrate camphor are replaced by faster, 110 ps motions in the complex with norcamphor. These changes are correlated with a reduction in stereo-/regiospecificity of hydroxylation from 100% for camphor to only 60% for norcamphor. Furthermore, the correlation times of the hundreds of picoseconds component of the dynamics in the enzyme-substrate complexes generally increase with the molecular volumes of the bound substrates and with binding affinity, indicating that motions on this time scale contribute to differences in substrate binding. The complex with the natural substrate, camphor, shows slower motions as compared to the unnatural substrate complexes, indicating higher barriers to protein structural changes. The enzyme has evolved to optimally bind camphor and is likely to restrict the structural fluctuations that may lead to the transition state such that hydroxylation occurs only at a specific carbon center. Thus, overall the data support the involvement of dynamics in enzyme function and, in particular, the specificity of hydroxylation by cyt P450 cam .
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